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S t r o n g  r e d u c t i o n s  o f  o v e r e x p a n s i o n  o c c u r  i n  o p e r a t i o n  of noz-  

z l e s  w i t h  a wid? openinq r a t i o  a n  t h e  ql ound a n d  asyrrunet.ric f l o w  

separation a n d  side l o a d  d u r i n g  tk.c s t a r t - u p  p h a s e .  V a r i o u s  mea- 

sure-s can bc cmploycd t o  a v o i d  t h e s c  unwated phenomena. A dt-- 

s c r i p t i o n  i s  offclt-ed of s e v e r a l  nlethods t h a t  c a n  btx u s e d  f o r  a 

n c ~ z z l c  w i t h  a f i x c d  opcxning ra t io .  An o u t l i n t -  o f  v a r i o u s  thco- 

rc t ica l  and e x p e r i m e n t a l  r e s u l t s  is p r o v i d e d  to  f a c i 1 i t a t . c  ascss- 

n~etit ot' thtl m r t h o d s .  



FLOW PROCESSES IN OVEREXPANDED CHEMICAL ROCKET NOZZLES, PART 3: 
METHODS FOR THE AIMED FLOW SEPARATION AND SIDE LOAD REDUCTION 

R. H. Schmucker 

1. Introduction 

The performance of a rocket engine operated in the atmosphere 

depends on the opening ratio of the nozzle and on the difference 

between the nozzle-end and external pressure. The specific pulse 

increases in vacuum with ircreasing expansion ratio and, for that 

reason, the nozzle for a rocket to be operated in space is deter- 

mined so as to achieve maximum output through taking into consider- 

ation weight and dimensional increases due to an expanded opening 

ratio. If such a rocket engine is opersted on the ground, the 

specific pulse is diminished due to overexpansion and there can 

set in a flow separation accompanied by side lcads, 

Various methods can be used to reduce these unwanted phenomena, 

i.e., too strong overexpansion, uncontrolled flow separation and 

side loads. One of these methods involves the use of a nozzle with 

a variable opening ratio at a constant collar cross-section. At a 

low pressure ratio (combustion chamber pressure/amtient pressure) 

the nozzle is operated with a small opening ratio, in vacuum use is 

made of the maximum opening ratio. The solutions successfully 

tested in this experiment include an adjustable fixed (cooled) 

nozzle extension (extensible nozzle 17l)and a flexible nozzle ex- 

tension (1171) that can be blown up by exhaust cases from the tur- 

bine. However, these methods are very costly. 

Thus, a feasible approach involves selection of methods that 

make it possible to achieve in a relatively simple manner through 

the use of additional measures a contr,olled flow separation and a 

reduced side lcad in a nozzle with a fixed opening ratio. In this 

case the duration of use depends on the purpose for which it is used. 

*Numbers in the margin indicate pagination in the foreign text. 



I f  s i d e  loads  a r e  t o  be reduced only dur ing  s t r a t - u p ,  t h e  d u r a t i o n  

of a d d i t i o n a l  measures is l i m i t e d  t o  s e v e r a l  seconds. I f ,  however,/a 

it is  necessary  t o  reduce overexpans im dur ing  c e r t a i n  phases  of  

t h e  f l i g h t  and t o  reduced s i d e  l o a d s  dur ing  p a r t i a l l y  t h r o t t l e d  

o p e r a t i o n ,  c o n t r o l l e d  f low s e p a r a t i o n  is  r e q u i r e d  f o r  a n  extended 

per iod .  

2. Reduction of t h e  O ~ e n i n a  Rat'io Throuah a Nozzle I n s e r t  13 

U s e  of a  nozzle  i n s e r t  reduces  t h e  opening r a t i o  of t h e  nozz le  

and i n c r e a s e s  t h e  w a l l  p r e s s u r e s .  This  produces a  f low s e p a r 2 t i o n  

a t  a  lower p r e s s u r e  r a t i o  and s i d e  l o a d s  become reduced. 

2 . 1  C e n t r a l  Body I n s e r t  - 

A method o f t e n  proposed f o r  p reven t ing  f low s e p a r a t i o n  at. a  h igh  

expansion r a t i o  is  t h e  u s e  of a  c e n t r a l  body i n s e r t  i n  t h e  nozzle.  
i 

This  method can be used only  on t h e  ground ( s t a r t - u p  phase ,  tes t  

o p e r a t i o n ) ,  b u t  n o t  i n  f l i g h t .  
! 
t 

Various forms of c e n t r a l  i n s e r t  des ign  a r e  shown i n  F igure  1. / A  
They inc lude :  

--a s imple  c o n i c a l  o r  rounded body wi th  t h r u s t  compression, 

--a po in ted  body wi th  i s e n t r o p i c  compression, 

--gaseous o r  l i q u i d  body wi th  a  r e v e r s e  f low i n j e c t i o n  i n t o  t h e  

nozzle.  

To i n c r e a s e  t h e  w a l l  p r e s s u r e  near  t h e  end of t h e  nozz le ,  t h e  

body must r each  deep i n t o  t h e  nozz le ,  a s  t h e  compression l i n e s  from 

t h e  c e n t r a l  body ( i n  extreme c a s e s  compression impacts)  must s k i r t  

t h e  w a l l .  Consequently,  t h e  dimensions of such a body a r e  ve ry  l a r g e .  

A f t e r  completing i t s  r o l e ,  t h e  i n s e r t  is  p u l l e d  o u t  of  t h e  nozzle .  

The problems a t t e n d a n t  t o  t h e  use  of t h i s  method a r e  

- - p r ~ ~ t e c t i o n  of t h e  body agai r l s t  h e a t  

- - increase  i n  h e a t  t r a n s f e r  on t h e  nozzle  w a l l  due t o  compres- 

s i o n  impacts  
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cil ifachcr ::critral- i s c n t r o l ~ c r  Zcn- Gcc;cnsLrci~icir~i~ l a -  
kc5rpcr (6)  tralkirper (7)  sung i n  d r a  nLi;e (8)  

F i g u r e  1. Design Forms f o r  A Central .  Body I n s e r t  

Key: (1) Compression impact:  ( 2 )  I s e n t r o p i c  compression:  (3)  = (1) ; 
4 )  Heat stress on w a l l :  ( 5 )  = ( 4 )  : ( 6 )  Simple c e n t r a l  body; 

( 7 )  I s e n t r o p i c  c e n t r a l  body: ( 8 )  Reverse  f l o w  f n j e c t i o n  i n t o  
t h e  nozz l e .  

1110 h a r  

70 bar 

F i g u r e  2. S i d e  Loads Caused by F a u l t y  C e n t e r i n g  of t h e  C e n t r a l  Body 
I n s e r t  i n  a Nozzle (1mpact Angle 4 0 ° ,  Nozzle Diameter 1 .6  
m)  141 
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F i g u r e  2 shows t h e  s i d e  l o a d s  produced by d e v i a t i o n  of  t.he 

c e n t r a l  body a x i s  f rom t h e  n o z z l e  a x i s  Arm,. Even s l i g h t  c e n t e r i n g  

mis t akes  produces  s i d e  l o a d s  on t h e  o r d e r  o f  n a t u r a l  s i d e  f o r c e s .  

Thus, i n  spjte o f  i t s  e s s e n t i a l l y  g r e a t  s i m p l i c i t y ,  t h i s  1.2 
method is used on ly  i n  expe r imen ta l  s t a g e s ,  because  o f  t h e  de-- 

t a i l e d  + cxch:li 6 :  :)I. prcsblems i t  poses .  

2 . 2  Nozzle J , i n i n g  - ----- 

In orc?er t-v c j r ! t  around t h e  problem of c e n t e r i n g  t k l e  c e n t r a l  

body i n s e r t ,  t h e  n o z z l e  can  b e  l i n e d  w i t h  a s u i t a b l e  m a t e r i a l .  

F i g u r e  3 shows two p o t e n t i a l  d e s i g n  forms. 

( 2 )  
, Anfangskontur 

I \ Lkingc! dcr 
Einstlt:zes 

abbrcnnbarer DUsenein-  auswerfbarar warmehest8n- 
s a t z  ( 6  digcr  DOseneinsatz ( 7 )  

Fiyure3.  Design Forms f o r  a Nozzle L i n i n g  

Key: (1) Nozzle i n s e r t ;  (21 I n i t i a l  c o n t o u r ;  ( 3 )  Danger o f  c o l l i s i o n  
w i t h  tlre w a l l  d u r i n g  e j e c t i o n :  ( 4 )  Combustiort: (5)  Minimum 
l e n g t h  of irsert:  (6) Combust ible  n o z z l e  i n s e r t :  ( 7 )  E j e c t a b l e  
h e a t - r e s i s t n t  n o z z l e  i n s e r t .  



3 .  i i  . . . 

OF POOR QUAL0.y 
2.2.1   eat-resistant Nozzle Insert 

A heat-resistant nozzle insert. can be used for both reduction 

of side lcads and controlled flow separation during flight 111. 

After fulfilling its function the insert is ejected. The length 

of the lining must be selected so that under unfavorable condi- /& 
tions the stream of exhaust gases would not again come into con- 

tact with the nozzle wall. The problems attendant to this arrange- 

ment are 

-material 

--method of eject ion. 

If the separation is uneven, the insert can revolve in the stream 

of exhaust gases and collide with the wall. NASA-MSFC tests estab- 

lished the fact that even minute, light particles that come into con- 

tact with the wall of the nozzle can produce considerable damage (see 

section 2 . 2 . 2 ) .  

2.2.2 Combustible Nozzle Insert 

The materials that can be used as a combustible nozzle insert 

are 

--a solid fuel 110; 

--an ablation material (plastic foam) 

Selection of the material depends on the required duration of 

use and on the dimensions of the nozzle. 

To avoid side loads during start-up phase, the combustion ve- 

locity must be very high, as the ablation time is on the order of 

only several seconds. The combustion velocity r depends hereby on 

the gasification heat of the ablation material, the heat flow against 

the wall and the density of the material pfoa. In simplified form, 

for any given rocket and a given material at any moirlent applies 111 1 
t Pfoa const (1) 

The constant depends hereby on the mass flow in the nozzle 

(flow rate per cross-section area), the flame enthalpy snd the gas- 

ification point of the insert. 



I t  i s  r ecogn ized  t h a t  m a t e r i a l s  o f  low d e n s i t y  must be used  

f o r  h i g h  a b l a t i o n  v e l o c i t i e s .  

NASA-MSFC r o c k e t  tests are conducted  f o r  t h a t  purpose  w i t h  /1 
n o z z l e  i n s e r t s  made o u t  o f  p l a s t i c  foam. F i g u r e  4 shows a p l a s t i c  

foam i n s e r c  t h a t  w a s  p a r t i a l l y  combusted i n  a  model r o c p e t .  The 
' I  

a b l a t i o n  r a t e  i n  c i r cumfe rence  is v e r y  even ,  a b l a t i o n  i n  l o n g i t u -  

d i n a l  d i r e c t i o n  l e a d s  t o  a be l l - shaped  combustion.  The combustion 

v e l o c i t y  can  be approx ima t ive ly  de te rmined  from .educed foam den- 

s i t y  a t  t h e  end o f  t h e  nozz l e .  F i g u r e  5 shows t h e  measuring p o i n t s  

of a f i l m  a n a l y s i s .  

F igu re  4 .  Combusted 
fctam i n s e r t  i n  the 
n o z z l e  of  a L O X j d 2  
model r o c k e t  
(NASA-MSFC) 

F igu re  5. Wall  t h i c k n e s s  Arf a o f  t h e  foam i rser t  a t  t h e  end o f  a 
n o z z l e  a s  t h e  func?lon of test d u r a t i o n  (NI~SA-MSPC test  
268-015) 



The c o m b ~ ~ s t i o n  burn-off  starts a t  t h e  upper  end o f  t h e  i n s e r t , / &  

s o  t h a t  no a b l a t i o n  can  be de te rmined  a t  t h e  n o z z l e  end cross-sec- 

t i o n .  For t h i s  r e a s o n  t h i s  p e r i o d  of t i m e  must b e  c o n s i d e r e d  t o  b e  

a  s o r t  of an i n i t i a t i o n  p roces s .  

T r a n s f e r  of  t h e  expe r imen ta l  model d a t a  t o  a l a r g e  r o c k e t  (5-2) 

c a l l s  f o r  knowledge of  r e g u l a r i t y  of c o n b u s t i b i l i t y .  I f  t h e s e  pro-  

cesses a r e  viewed, f o r  t h e  s a k e  i f  s i m p l i c i t y ,  a s  s t a t i o n a r y  and i f  

it  i s  assumed t h a t  a b l a t i o n  o f  foam is s i m i l a r  t o  a b l a t i o n  i n  a hyb- 

r i d  r o c k e t  ( t h e  ccmbustion v e l c c i t y  i s  c o n t r o l l e d  by h e a t  t r a n s f e r ) ,  

t hen  a p p l i e s  t h a t  111 1 

There in  A deno te s  mass f low r a t e  th rough t h e  n o z z l e ,  A1 t h e  l o c a l  

nozz l e  c r o s s - s e c t i o n ,  1 t h e  l o n g i t u d i n a l  c o o r d i n a t e  of  t h e  i n s e r t  

which is  measured from t h e  s t a r t i n g  edge  downstream, and K a b l  Is 

t h e  c o m b u s t i b i l i t y  c o n s t a n t  of  t h e  foam, a and C d e s c r i b e  t h e  mass 

f low and l e n g t h  e f f e c t s .  Theory y i e l d s  f o r  E a  n e g a t i v e  .slue ( - 0 . 2 ) .  

Th i s  tendency h a s  been confirmed i n  t h e  e x p e r i m e r ~ t  by s t r c n g e r  burn-  

o f f  a t  t h e  beg inn ing  of t h e  i n s e r t .  

I f  w e  s u t s t i t u t ~  f o r  mass f low r a t e  i n  ( 2 )  t h e  combustion cham- 

b e r  p r e s s u r e  and i n t r o d u c e  t h e  c h a r a c t e r i s t i c  v e l o c i t y  i n  K a b l j l  w e  

t h e n  can  w r i t c ,  w i t h  c o l l a r  c r o s s - s e c t i o n  At 

I f  w e  u s e  e q u a t i o n  ( 3 )  f o r  assessment  of  t h e  tests w e  o b t a i n  t h e  

combustion c o n s t a n t s .  I n  f i g u r e  6  t h e  combustion v e l o c i t y  of  t h e  ex-  

periment of F i g u r e  5 i s  p l o t t e d  o v e r  t h e  e x p r e s s i o n  gt,/d12, d l  be ing  

i n  t h i s  c a s e  t h e  l o c a l  n o z z l e  d i ame te r .  

The exper iments  showed a v e r y  s t r o n g  e f f e c t  o f  mass v e l o c i t y  

( T e s t  268-015: 1 . 6 t h  po tency)  . N c ~ v e r t h e l e s s ,  t h e  d i s p a r i t y  between 

exper iments  u s i n g  a p p r o x i n a t e l y  same m a t e r i a l s  was s o  g r e a t  t h a t  , A  
o n l y  r e f e r e n c e  v a l u e s  f o r  a b l a t i o n  v e l o c i t y  cou ld  be  e s t i m a t e d .  

7 
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Figure 6. Combustion velocity 
over mass flow pc/dl 
(Test :.58-015) 

The model findin~s can be transferred to large rockets with 

the aid of equation (3). If we designaLe the local opening ratio 

with E we obtain 

id 

f 
If the combustion chamber pressure and opening ratio are identi- J 

cal, tken the regression velocity is lower due to qreater length. In / 
1 

I 
a large rocket the ablation must consequently last considerably long- ? 

er than in a model nozzle. 

Figure 7 shows a 5-2 rocket with a foam insert. NASA-MSFC experi- 

ments have shown that almost all side loads can be eliminated in this 

manner, but in accordance with equation (4) the duration of ablation 

is far too hich. In a maximum operation ti .e of 12 s (started with sn/u 

uncooled flame deflector) only a part of the insert became ablated. 
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OF POOR GUALlTY 

F i g u r e  7. P l a s t i c  Foam 
I n s e r t  i n  t h e  Nozzle of 
a J-2 Rocket (NASA-MSFC) 

Thus, some 10 s would h ~ i v e  t o  be cons idered  fc'r t c t a l  combusticn t i m e .  

However, i n  almost  a l l  cases  t h e  s t r e n g t h  of t h e  mater ia l .  was no t  

adequate enough to  p reven t  d e s t r u c t i o n  of t h e  p l a s t i c  foam. Hoti- 

e v e r ,  t h i s  problem w i l l  be hard  t o  so lve .  The i n s e r t  i n  t h e  J--2 

nozzle  i s  a f f e c t e d  by a f o r c e  which i n  a x i a l  d i r e c t i o n  amounts t o  

roughly 100 kN. Inc reased  s t r e n g t h  of t h e  foam can be achieved on ly  

through inc reased  d e n s i t y  which, however, would f u r t h e r  reduce  t h e  

combustion v e l c c i t y .  

I n  o r d e r  t o  make t!sero rqethods s u i t a t d e  f o r  u s e ,  a d a i t i o n a l  nlea- 

s u r c s  must be r e s o r t e d  t o ,  such a s  l e n g t h  s h o r t e n i n g  (see s e c t i o n  

3.2)  o r  re inforcement  through a f i b e r  matr ix .  

3 .  Reduction of separation Flou P o i n t  Symmetries /= 

With a s u i t a b l e  shape of t h e  nozzle  and w i t h  t h e  a i d  of a d d i t i o n -  

a l  measures f o r  boundary l a y e r  s e p a r a t i o n  flow it is  p o s s i b l e  through 

reduc t ion  of separz . t ion  f low p o i n t  symmt?tries t o  reduce  tl-e s i d e  loads  

and overexpansion. 
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A nozzle with a steep pressure gradient. can be used primarily 

for reducing side loads. Herein at very high opening angles can be 

observeda decrease in overexpansion 121. However, the latter ef- 

fect has little significance, particularly from the viewpoint of 

rocket performance. 

According to 16 1 the following applies to side load: 

Thus, side load due to asymmetrical flow separation eepends on 

the pressure distribution of combustion chamber pressure p, in its 

ratio tc ambient pressure pa and, essentially, on t.he grbdient of 

wall pressure 4, along the nozzle axis 1. rt denotes tt.e collar 

radius. If tt.e pressure gradient is increased, the side loads are 

reduced. Almost all shunt loads can be practically eliminated in 

this manner 1161. 

The pressure gradient is affect.ed by the opening angle of the 

nozzle. At an identical pressure slope the pressure gradient in- 

creases wit1 increasing divergence angle at reduced nozzle length. 

Additionally, in the case of a bell-shaped nozzle t.here is a need 

for flattening of the wall contour (increased wall curvature radius 

toward the end of the nozzle)) (J-2s nozzle type), , as otherwise a/g 
flatter pressure gradient is achieved at increasing inward curvature 

(J-2D, Atlas Sustainer nozzle type). For this reason the Space 

Shut.tle Is main rocket uses a contour similar to that of the J-.2S. 

An increase in the median divergence angle reduces additionally 

the nozzle mass. This, however, leads to higher divergence losses 

which diminish output 151. Thus, tf.e length of the nozzle must be 

determined so that the advantage offered by mass reduction through 
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lower side loads and a shorter nozzle is not dissipated through a ;- 

decrease in output. 

I .: 
-3.2 Methods for Boundary Laver Flow Semration 

Sufficiently strong interference with the boundary layer oc- 

curring in ambient pressure can force the flow to separate. In 

this manner it is possible to determine the point of separation 

within a nar-ow range with preceision and, thus, reduce the side 

loads. Additionally, overexpansion can be reduced as 

Figure 8 shows the various methods for achieving flow separa- 

tion. The following measures are availahle: 

--secondary injection, 

--discontinuity of the wall contour angle, 

--annular groove, 

--trip wire. 

6 7 8 9 
SekundSrinjektion D i s k o n t i n u i t i i t  S t o l p e r d r a h t  . Ringnut 

d e s  WandKontur- 
w i n k e l s  

Figure 8. Methods for Intended Boundary Layer Flow Separation 
(Key provided on next page) 
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Key t o  F igure  8: 1 - I n j e c t i o n  y0rt.s: 2 - Boundary l a y e r  t h i c k n e s s ?  
3 - Change i n  ang le ;  4 - T r i p  wire; 5 - Groove: 6 - Secondary 
i n j e c t i o n ;  7 - D i s c o n t i n u i t y  of t h e  w a l l  contour  angle:  8 - T r i p  
w i r e ;  9 - Annular groove. 

3.2.1 Secondary I n j e c t i o n  /= 

Secondary i n j e c t i o n  f o r  asymmetric f low s e p a r a t i o n  w i t h  s h e a r  

v e c t o r  c o n t r o l  i s  one method used ;- many r o c k e t  power u n i t s .  I t  

makes i t  p o s s i b l e  t o  ach ieve  through symmetric secondary i n j e c t i o n  

an  a x i a l l y  symmetric flow s e p a r a t i o n  l i n e .  This  can be accomplished 

i n  v a r i o u s  ways: 

- - i n j e c t i o n  o f  a f o r e i g n  medium (gas ,  l i q u i d ) ,  /u 
- -scc t ion  of surrounding a i r  12, 9 1 .  

This  method f o r  f low s e p a r a t i o n  o f f e r s  t h e  advantzge of  s imple  

swi tch ing  on and o f f  through c o n t r o l  of t h e  secondary c u r r e n t .  Its 

disadvantage  is  a h i g h e r  demand on s t r u c t u r a l  des ign .  

3.2.2 D i s c o n t i r u i t y  of t h e  Wall Contc,ur Anqle 121 

Discon t inu i ty  of  t h e  w a l l  con tour  a n g l e  leads a t  t h e  p o i n t  of 

change i n  a n g l e  t o  a s t e e p  change i n  t h e  n o z z l e ' s  w a l l  p ressure .  

An i n c r e a s e  i n  t h e  d ivergence  a n g l e  produces a r e d u c t i o n  i c  p r e s s u r e .  

Consequently,  f low s e p a r a t e s  a t  t h e  w a l l  bend a t  corresponding com- 

b u s t i o n  chamber p ressure .  Only an i n c r e a s e  i n  t h e  p r e s s u r e  r a t i o  

corresponding t o  t h e  jump i n  p r e s s u r e  r e s u l t s  i n  jumping over  t h e  

d i s c o n t i n u i t y .  

This  method can probably be used w i t h  advantage on ly  f o r  r e d u c - / g  

t i o n  of  overexpansion,  b u t  no t  f o r  deac reas ing  s i d e  loads .  The rea- 

son being t h a t  a f t e r  jumping over  t h e  d i s c o n t i n u i t 1  t h e  f low s e p a r a t e s  

f u r t t . e r  downstream n a t u r a l l y  wi th  t h e  the reby  connected s i d e  l o a d s  

( t h e  c o n d i t i o n s  a r e  d i f f e r e n t  from t h o s e  i n  t h e  c a s e  of t r i p  w i r e  
t h a t  has  a c e r t a i n  e f f e c t i v e  a r e a ) .  I i 

Nothing has  been publ ished s o  f a r  about  exper imenta l  a p p l i c a t i o n  
i 
1 

of  t h i s  method. 
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An annu la r  gronve can be thought  of  o n l y  a s  a  counterpar t .  t o  
a t r i p  w i r e .  '.'his type  of a f f e c t i n g  of  t h e  boundary l a y e r  can b e  

implemented cv':ly w i t h  d i f f i c u l t y  i n  a nozz le  s t r u c t u r e  cons is t . ing  

of thin-walled t ~ i b e ~ .  

3.2.4 T r i p  Wire 

T r i p  w i  rc3s have been propo-ed 16, 8, 9 1 f o r  s e p a r e t i o n  of a n  

overexpanded flow. This  method o f f e r s  t h e  advantage t-hat. t h e  re- 

q u i s i t e  f low s e p a r a t i o n  mechanism can be  added a f t e r  2.evelopment 

of t h e  r o c k e t  wi thou t  any changes i n  i ts  conf igura t ion .  

The t r i p  w i r e  i n t e r f e r e s  w i t h  t h e  development of  a  boundary 

l a y e r  s o  s t r o n g l y  t h a t  t h e  f low s e p a r a t e s  a t  a  h i g h e r  w a l l  p res -  

s u r e  t h a t  wxthout such an i n t e r f e r e n c e  p i n t . .  Thus, t h e  p o i n t  o f  

s e p a r a t i o n  i s  upstream from t h e  n a t u r a l  ~ o i n t  of  f low s e p a r a t i o n .  

F igure  9 shcws a nozz le  wi th  t u b u l a r  s t r u c t u r e  and 3 t r i p  w i r e s .  

A t  a  c e r t a i c  p r e s s u r e  r a t i o  t h e  f low separat .es  a t  t h e  f i r s t  w i r e .  

I f  t h e  combusti-on charmer p r e s s u r e  is  i r c r e a s e d  ( o r  i f  t h e r e  oc- 

c u r s  a r e d u c t i o n  i n  ambient p r e s s u r e ) ,  t h e r e  is no immediate change 

i n  t h e  p o i n t  of s e p a r a t i o n ,  u n t i l  a t  a c e r t a i n  h i g h e r  p r e s s u r e  r a t i o  

t h e  f low c r c ~ s s e s  t h e  w i r e  and s e p z r a t e s  a t  t h e  n e x t  wire l o c a t e d  

downstream. This  p rocess  i~ repea ted  so long  till it reaches  t h e  

end of t h e  nozzle.  The w z z l e  end can hereby be  a l s o  cons idered  

as a w i r e  (of v a n i s h j  :).: s t r e n g t h ) .  

For t h i s  arrangement t o  be e f f e c t i v e ,  t h e  w i r e s  i n  t h e i r  dimen-/15 - 
s i o n s  and the?:  p o s i t i o n s  i n  t h e  nozz le  must be mutual ly  balanced.  

Even though : h i s  method of  m u l t i p l e  wires o r  of  a  "continuous w i r e  

a long t h e  nozzle  w a l l w  appears  t o  o f f e r  g r e a t  advantage,  use  of  on ly  

one o r  on ly  a  few w i L e s  is i n  o r d e r ,  because each t r i p  w i r e  l e a d s  t o  

reduced ou tpu t  itrd i n t e r f e r e s  w i t h  t h e  f i e l d  of  flow. 

This method was examined i n  c l o s e r  d e t a i l  i n  NASA-MSFC. The 

4-k LOX;H2 model r o c k e t  and a 5-2 r o c k e t  were used as test engines.  



F i g u r e  9. T r i p  Wires i n  a Nozzle With Tubular  S t r u c t u r e  (as i n  
5 - 2  Experiments)  

Key: 1 - Combustion chamber: 2 - Nozzle wa l l :  3 - T r i p  w i r e :  
4 - Cool ing  tubes :  5 - Braz ing .  

A s i m p l i f i e d  e q u a t i o n  f o r  the s e p a r a t i o n  p r e s s u r e  i n  t h e  u s e  

of  a t r i p  w i r e  is 1131 

There in  t h e  i n d e x  w t  d e n o t e s  t h e  t r i p  w i r e ,  o t  s t a n d s  fo r  s e p a r a t i c n  
w i t h o u t  w i r e ,  pi r e p r e s e n t s  p r e s s u r e  a t  which s e p a r a t i o n  o c c u r s ,  Miis 

is t h e  Mach number a t  wire p o i n t s ,  dtw d e n o t e s  t h e  w i r e  diameter and  
6 i  is t h e  local boundary l a y e r  s t r e n g t h .  The c o n s t a n t  0.16 h a s  a 
l im i t ed  dependence on t h e  g a s  compos i t ion ,  t h e  t e m p e r a t u r e  d i s t r i b u -  
t i o n  i n  t h e  boundary l a y e r  and the  Mach number. The p r e s s u r e  p l o t  
can be d e r i v e d  from 1151. 

F i g u r s  10 shows f l o w  s e p c r a t i o n  p r e s s u r e s  f o r  a model r o c k e t  
w i t h  t r i p  wires o f  v a r y i n g  s t r e n g t h .  S e p a r a t i o n  o c c u r s  earlier w i t h  
i n c r e a s i n g  w i r e  s t r e n g t h .  



k e i n e  Ablasung 

A 

I. 

Figure 10. Measured and Computed Separation Pressure Conditions 
of the NASA-MSFC 4-k LOX/H2 Model ~ocket ( M ~  = 3.6, 
y = 1.26) 

o Test data 

A comparison of separatior? measurements in various rockets 

with the theory according t.o 1131 is shown in Figure 11. It shows 

a relatively good correspond-nce between theory and experiment. 

Deviations are probably due to gross simplificrations in theory. /= 
Experiments show that trip wires of approximately 1/10 of the 

local. boundary layer strength are sufficient to induce separation of 

flow. 

The efficiency loss of a wire is less than 0.2% for the spec-. 

ific pulse ( 3 1 .  O f  course, this value depends on wire strength. 
Loss of efficiency is affected by the wire's drag resistance lap-. 

prcximately 50%) ancl the wall pressure reduction downstream of the 

wire. 
15 
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Figure  11. Comparison Between Experimental and Computed S e p a r a t i o n  
Data 1 4  

o 4-k LOX/H2 Model Rocket (NASA-MSFC) 
n J - 2 D  Rocket (NASA-MSFC) 
h J-2s Rocket 131 

The measurements showed a d i f f e r i n g  behavior  i n  r ega rds  t o  re- 
d u r t i o n  of s i d e  load.  Whi le  i n  NASA-MSFC a n  a lmost  continuous re- 
. ' . ~ ~ c t i o n  could be achieved,  tests wi th  rocketdync had a less p o s i t i v e  

p r o g r : s s .  Precise p o s i t i o n i n g  of t h e  wires has  a f a v o r a b l e  e f f e c t .  /= 
on s i d e  load reduc t ion .  However, problems a r e  encountered dur ing  

wire c r o s s i r g .  Flow asymmetries and f l u c t u a t i o n s  produce a n  asym- 
metric c r o s s i n g  of t h e  t r i p  wi re ,  s o  t h a t  h igh  s i d e  l o a d s  can be 

produced trtmporarily.  Fim ana lyses  showed t h i s  asymr-etr ic  behavior .  
Avoiding t h e s e  e f f e c t s  c a l l e d  f o r  s h o r t e n i n g  t h e  d i s t a n c e s  between 
t h e  wires and f o r  a r a p i d  b u i l d  up of combustion chamber p r e s s u r e  

s o  t h a t  t h e  f low could  ve ry  e x p e d i e n t l y  r each  i n  l e a p s  t h e  nozz le  

end c ross - sec t i  on. 
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